Satellite altimetry has become an operational remote sensing technique with important applications to geodynamics. In the present paper, ocean floor topography and tectonic detection in the deep earth are investigated using gravity anomalies from global gravity models and satellite altimetry corrected for waveform distortions. We compute the spherical harmonic degree components of the gravity anomaly from gravity models (up to degree 360), and use inverse the Vening Meinesz formula in the remove-restore procedure to obtain the residual gravity anomaly components higher than degree 360. This paper is intended to give a geodynamical analysis on the gravity anomaly components from the crust, upper mantle, and lower mantle. On this base, the geodynamics background and mechanism in an area of the China Seas (25°N ~ 42°N, 118°E ~ 130°E) are studied. The evidence shows gravity anomaly of different degree in the study area is mainly due to mass distribution of different depth, and the dynamical imbalance from the geopotential imbalance should be responsible for global dynamics activities, which change the lithosphere structure through mantle circulation.
IntroduCtIon
Over the last few decades satellite altimetry has developed into an operational space technique with very important applications to geodynamics. Altimetry-derived gravity is getting more and more useful for the research of geodynamics with its dense geographical distribution and high precision (Bosch 2004) . In this paper, methods to estimate high precision gravity anomaly are studied, and together with geophysical data and gravity field models, they are employed in the detection of oceanic geological and geodynamical characteristics.
Satellite altimetry has earlier been recognized as a source of information that can provide valuable geophysical and geodynamical information for the inversion of altimetry-derived gravity anomaly. The relevant theory and methods have reached maturity to some extent. In some early studies, Dixon et al. (1983) estimated ocean depth from satellite observation, and Sandwell (1984) detected 72 seamounts never known in the southwest Pacific Ocean according to sea surface data analysis on the deflection of the vertical (DOV); see also Wessel and Smith (1995) , Wessel and Lyons (1997) . As an important study on the structure of the ocean crust, Hwang (1997) built the ocean depth model of the South China Sea according to satellite observation and sounding data.
In the application of high resolution high precision gravity anomaly, strong correlations have been found between the gravity anomaly and geological and geodynamical characteristics. Geophysical observations in an oceanic area, such as earthquake waves and magnetic anomaly detection will be helpful for the establishment of such correlations. For example, Turcotte et al. (1978) and David (1984) modeled the flexibility of the lithosphere from the ocean gravity anomaly and geoid anomaly.
In this paper, after the high precision gravity anomaly is obtained, we analyze the relationship between the gravity anomaly and its correction items and compute the degree components of the gravity anomaly. The effect of ocean floor in the gravity anomaly is calculated and its distribution in the full resolution gravity anomaly spectrum is detected in the paper. On this basis, the lower mantle, upper mantle, and crustal components of the full resolution gravity anomaly spectrum are analyzed, and the geodynamics background and mechanism in the study area (defined as an area covering 25°N ~ 42°N, 118°E ~ 130°E) of the China Seas are investigated.
GrAvIty AnomAly from SAtellIte AltImetry
For better gravity anomaly recovery, waveform retracking is implemented to correct the altimeter range measurement in our study. Altimetry data used in our study is waveforms of phase E and phase F missions of ERS-1/GM observations and Geosat GM observations. Our waveform retracking method considers the characteristics of the waveform to detect the potential sub-waveforms according to different threshold levels to calculate the possible ranges responding to each leading edge, and then uses the geophysical corrections from the GDR (Geophysical data record) data to obtain possible sea surface heights, thereby determining the best possible sea surface height according to the introduced reference sea surface height . In order to see the effect of waveform retracking, we have compared the waveform retracking corrected data-derived and the GDR data-derived gravity anomaly with ship-borne gravity anomalies. The results show waveform retracking can improve gravity anomaly recovery by 16.3% ).
In our research, an inverse Vening Meinesz formula is used to recover the gravity anomaly from the retracked satellite altimetry observation. In this method, DOV is first computed according to the sea surface observation, and then inverse Vening Meinesz formula is employed to compute the gravity anomaly.
FFT algorithms of the inverse Vening Meinesz formula fall into two classes: 1-D FFT (1 dimension fast Fourier transform) algorithm and 2-D FFT (1 dimension fast Fourier transform) algorithm (Haagmans et al. 1993) . The inverse Vening Meinesz formula must be written as a convolution for both algorithms. The 2-D FFT algorithm is faster than, but not as precise as the 1-D FFT algorithm, because the latitudes of each parallel are approximately computed according to the mean latitude in the convolution function. The 1-D FFT algorithm is a combination of common integration and the FFT algorithm lying between common integration and the 2-D FFT algorithm, which integrates on the parallels by the FFT algorithm, then calculates the common integral of different parallels. So in the 1-D FFT algorithm, all gravity anomalies on a parallel are computed at one time, and the anomalies on different parallels are computed respectively (Schwarz et al. 1990) .
Gravity anomaly ∆g is defined in the Inverse Vening Meinesz as:
where ψ is a spherical distance from computation gpoint to moving point (i.e., the field angular distance with respect to the origin), σ unit sphere, γ normal gravity, R earth's mean radius,
are expressed as:
where ξ and η are north-south and west-east components of along-track DOV respectively, α azimuth between the computation point and the moving point, p { the latitude at point p. In the FFT algorithm of inverse Vening Meinesz formula, we used the formula derived by Hwang (1998) . It can be written as, 
The inverse Vening Meinesz formula gets singular in the innermost zone, where the distance between the computation point and the moving point is zero. We use formula derived by Chang et al. (2005) to estimate the innermost zone effect, and so to improve the precision of gravity anomaly recovery.
To estimate the gravity anomaly from ERS-1 and Geosat altimetry observation, we used GGM02C model (degree 2 -180) (http://www.csr.utexas.edu/grace/gravity/ggm02) and EGM96 model (degree 181 -360) (http://cddis.nasa. gov/926/egm96/egm96.html) in the remove-restore procedure. The obtained residual gravity anomaly is gravity anomaly components higher than degree 360 in full degree gravity anomaly spectrum, and is used in the geological analysis in the study area of the China Seas. For the application to geological study, we have calculated the 2' × 2' grid value of the altimetry derived gravity anomaly in the study area (30°N ~ 40°N, 120°E ~ 125°E).
SpherICAl hArmonIC ComponentS of GrAvIty AnomAly
The gravity potential W is the sum of the gravitational potential V and the potential Φ of the centrifugal force.
The gravitational potential V satisfies Laplace's differential equation in the space exterior to the ellipsoid and can be expanded into spherical harmonics as:
where r, λ, θ are spherical coordinates, μ earth's gravitational constant, a e the equatorial radius of the earth.
( ) cos Pnm i is fully normalized harmonics, n and m are degree and order, , C S nm nm are fully normalized harmonic coefficients:
The gravity potential W at P can be approximated by the normal potential U and disturbing potential. The disturbing potential T at P is defined as follows:
The relationship between gravity anomaly and the disturbing potential can be expressed as:
Gravity anomaly can be expanded into the following series: 
where δC nm is the difference of the corresponding coefficients of gravitational potential and normal potential, δS nm = S nm . Thus, the gravity anomaly of different wavelengths can be computed according to spherical harmonic coefficients (Heiskanen and Moritz 1967) .
Since it is not convenient to define the short wave gravity anomaly by spherical harmonic coefficients, we only use the harmonic coefficients of degree 2 -360 in the calculation of degree anomaly components.
GeodynAmICAl And GeoloGICAl AnAly-SIS uSInG hArmonIC SpeCtrA And SAtellIte AltImetry GrAvIty AnomAly

Analysis on Gravity Anomaly Spherical harmonic Components
In this paper, the gravity anomaly from crust difference is estimated and subtracted from the gravity anomaly with the highest resolution obtained from gravity models and satellite altimetry observation, which is defined in this paper as the full degree gravity anomaly. In the so called full degree gravity anomaly, the spectrum components from degree 2 up to degree 360 is from gravity models (degrees 2 -180 are from GGM02C, 181 -360 from model EGM9), and for the gravity anomaly degree components higher than 360, we use the residual gravity anomaly in the remove-restore procedure. Then the residual anomaly is compared with anomaly of different degrees to find the best degree range which can express the gravity anomaly from different anomaly source depth in the marginal sea area. In this way, mantle circulation can be analyzed through the different combinations of spectrum components (Sandwell and Smith 2001) .
In order to break up the full spectrum of gravity components, we estimated the anomaly contribution of ocean floor topography from the bathymetric model. And then we computed the gravity anomaly degree which can present the gravity anomaly from ocean floor topography so we can remove the ocean floor topography contribution easily from the full spectrum ocean gravity anomaly. In our method, we first compute the gravity anomaly caused by the ocean floor topography based on the bathymetric model, then compare this gravity anomaly with that from the different degrees of the gravity model to detect the degrees which contribute much to the gravity anomaly caused by the ocean floor topography. The gravity model we used here is EGM96. And the bathymetric model we used is ETOPO2 (http://www. ngdc.noaa.gov/mgg/global/global.html), which is a world DEM dataset with a resolution of 2 minutes, including ocean depths released in 2001 by the National Oceanic and Atmospheric Administration (NOAA).
Two basic principles are applied in this procedure. First, degree components of the gravity anomaly, which undulate consistently with the ocean floor topography, are considered as the contribution of the ocean floor topography. Our method is to calculate and then compare the first derivatives of the degree components of the gravity anomaly along the horizontal directions with those of the ocean floor topography: the consistent components of the gravity anomaly are identified as the anomaly from the ocean floor topography; the inconsistent components are identified as that from the deep crust or mantle. Second, we calculate the sum of the degree anomaly and compare this with the gravity anomaly from the ocean floor topography. The degree group with the least RMS (Root Mean Square) is considered the anomaly of degrees which represent the gravity anomaly from the ocean floor topography. According to this principle, we calculate a series of degree anomaly groups, and compute a 2' × 2' grid value of RMS between the sum of each degree anomaly group and the gravity anomaly from the ocean floor topography. The result is shown in Table 1 . , 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335 6.39 5 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329 6.08 6 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329, 328, 327, 326, 324, 323, 321, 320, 318 5.75 7 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329, 328, 327, 326, 324, 323, 321, 320, 318, 317, 316, 313 5.31 8 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329, 328, 327, 326, 324, 323, 321, 320, 318, 317, 316, 313, 312, 311, 310, 308, 307, 304, 303 4.69 9 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329, 328, 327, 326, 324, 323, 321, 320, 318, 317, 316, 313, 312, 311, 310, 308, 307, 304, 303, 302, 300, 299, 297 4.93 10 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329, 328, 327, 326, 324, 323, 321, 320, 318, 317, 316, 313, 312, 311, 310, 308, 307, 304, 303, 302, 300, 299, 297, 296, 295, 294, 292 5.59 11 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329, 328, 327, 326, 324, 323, 321, 320, 318, 317, 316, 313, 312, 311, 310, 308, 307, 304, 303, 302, 300, 299, 297, 296, 295, 294, 292, 290, 289, 288, 287, 286 6.38 12 360, 359, 357, 356, 352, 351, 350, 346, 345, 344, 343, 342, 341, 339, 338, 337, 335, 333, 332, 331, 330, 329, 328, 327, 326, 324, 323, 321, 320, 318, 317, 316, 313, 312, 311, 310, 308, 307, 304, 303, 302, 300, 299, 297, 296, 295, 294, 292, 290, 289, 288, 287, 286, 285, 283, 282, 280, 279, 277 As shown in Table 1 , group 8 has the least RMS value. So we can deduce the contribution of ocean floor topography to gravity anomaly spectrum in the studied ocean area may be represented by the degrees of group 8. Because the degree anomaly components may not cover all of the gravity anomalies from the ocean floor topography, the least RMS is not 0 mGal. Considering part of the degree components removed according to the first principle, especially those between anomaly degree 303 and 360, may be partly from the ocean floor topography, we calculate the sum of all degree anomalies between degree 303 and 360, and compare this with the result from the ocean floor topography. The RMS is 4.31 mGal, which is better than the result of group 8. As a result, we conclude the gravity anomaly between degree 303 and 360 can represent the gravity anomaly from the ocean floor topography more obviously than degree group 8. However, the gravity anomaly above degree 360 also plays an important part, because the RMS is nearly 5 mGal.
According to the above computation and analysis, in the study area of the China Seas, gravity anomaly from ocean floor topography is equivalent to the gravity anomaly of degree 303 and above. With the geophysical observations on the crustal thickness and density of the crust, we can estimate the gravity anomaly caused by the crust inhomogeneity. Comparing the gravity anomaly of different degree with the gravity anomaly caused by the crust inhomogeneity, we can find useful information about the degree anomaly due to the crust inhomogeneity. The near field and far field effects are equivalent to the gravity anomaly of degree 61 to 303. Residual gravity anomaly after ocean floor topography correction, near and far field correction is equivalent to the full resolution anomaly subtracted the gravity anomaly components above degree 61. The residual anomaly of degree 6 -60 can be regarded as the gravity anomaly due to the mantle mass inhomogeneity, in which the gravity anomaly of degree 2 -6 is from the lower mantle; that of degree 7 -60 is from upper mantle. Considering the gravity anomaly is the difference between the gravity on the geoid and the normal gravity on the ellipsoid, the Bruns correction should be taken to get the so called Bruns anomaly, which can reveal mantle mass distribution better. The flowchart to derive the mantle gravity anomaly from the full gravity anomaly spectrum is shown in Fig. 1. 
Geological Study on the ocean floor topography
According to the analysis in section 4.1, the gravity anomaly between degree 303 and 360 is mainly from the ocean floor topography in the study sea area. However, the RMS of nearly 5 mGal still exists on account of contribution from the gravity anomaly above degree 360.
Gravity anomaly above degree 304 is mainly due to the ocean floor topography (Chang 2006) . In order to study the ocean topography in the area of the China Seas in a full scale, we build the gravity anomaly of degree 304 -360, according to the gravity model EGM96, and compute the gravity anomaly spectrum components above 360 from satellite altimetry observations of Geosat GM and ERS-1 altimetry mission (Fig. 2) . Then we get the gravity anomaly components above degree 304, which is used for the geological study on the ocean floor topography of the study sea area.
According to the grid value of the gravity anomaly of the study area in section 2, we compute the gradient of the gravity anomaly and the ocean floor topography along the direction of longitude and latitude. The gravity anomaly is from the grid values we compute above, and the ocean floor topography is from ETOPO2 bathymetric model with resolution of 2 minutes. Thus we can compare the gradient of gravity anomaly and the gradient of ocean floor topography. In our comparison, when the gradient of gravity anomaly and the gradient of ocean floor topography have the same sign, the gravity and the topography are considered to be coincident. According to our computation, the coincidence percentage between the anomaly gravity components above degree 304 and the ocean floor topography is up to 82.4%. However, when only the gravity anomaly of degree 304 -360 is used in the comparison, the coincidence percentage is only 76.2%; and when only the altimetry derived residual gravity anomaly is used in the comparison, it is 79.8%. Therefore, we can deduce the gravity component above degree 304 accounts for the gravity anomaly from the ocean floor topography best in the study sea area.
Geodynamical Analysis in deep earth
In order to study the geodynamical tectonics in the study area of the China Seas in a full scale, we build the gravity anomaly of degree 2 -6, 6 -10, 2 -10, 7 -60, and 61 -303, according to the gravity model EGM96/GG.M02C. The co- efficients of degree 2 -180 are from model GGM02C, 181 -360 from model EGM96. The contours of the components of gravity anomaly are shown in Figs. 3 -8 , in which the unit of the gravity anomaly is mGal, the interval between the contours is 5 mGal.
As shown in Figs. 3 and 5, the isolines of low degree gravity anomaly are all quite sparse and flat, and the absolute anomaly values are quite low. The sparse and flat isolines of the long wavelength components denote the gravity anomaly as being from far away, namely the deep earth, and the low values denote the little transverse difference in density distribution. According to modern geophysical theory, the outer core exists as liquid under high temperature and pressure, so the convection and diffusion and other geophysical phenomena, which can change the redistribution of mass and energy, are fully carried in the core. We can deduce that the low degree gravity anomaly should not come from the core, but from the lower mantle.
According to the seismic wave observation, the velocity of the longitudinal wave is 10.08 -13.54 km s -1 in the lower mantle, and that of the transverse wave is 5.42 -7.23 km s -1 (Chang 2006) . With high temperature and pressure, the lower mantle appears to exhibit more plasticity and consequently less rigidity. This means the gravity anomaly from the lower mantle will be at a small level. Comparing  Figs. 3, 4, and 5 with each other, we can find anomaly of degree 7 -10 is dominant in degree 2 -10. And this can be deduced from the direction of gravity anomaly isolines. So we can deduce that gravity anomaly of degree 2 -6 in the ocean area (25°N ~ 42°N, 118°E ~ 130°E) is mainly from the lower mantle. The anomaly degree range is basically coincident with the case in the continental area. This shows the mantle below the sea and continent in the eastern part of China could be basically the same.
As a part of the solid lithosphere, rocks of the upper mantle float on half-melted asthenosphere. Under the asthenosphere are solid rocks due to the high pressure and the difference of lithology even though it is at relatively high temperature. The geodynamical performance of the upper mantle is complicated; however, useful information about the mantle circulation can be extracted from the harmonic components of the gravity anomaly. The dynamical imbal- ance of the upper mantle is the most dominant intrinsic factor, which affects the mass and energy exchange between the crust and the upper mantle. Obvious evidence of potential imbalance is the gravity anomaly from the upper mantle being a dominant factor in the structural anomaly of the whole earth. The dynamical imbalance of the upper mantle has been changing the lithosphere by mantle circulation, which is the source of geodynamical movements.
As shown in Fig. 6 , when the continental crust below the northwest shallow sea changes into ocean crust below the southeast deep ocean, the gravity anomaly component of degree 7 -60 changes obviously. The only possible reason is from the upper mantle under the deep crust. It is obvious in Fig. 8 that the value of gravity anomaly increases rapidly at the volcanic island arcs, where the transform between continental block and ocean block occurs. We can deduce from the above that the gravity load from the volcanic island arcs is not fully counteracted by the isostasy of the crust. The density of the lower mantle is a little higher than the norm because the mantle circulation is controlled by the rising flow, and the magma form of the deep earth is of higher density and temperature.
This has already been proved by earlier studies of Hwang et al. (2007) . According to their studies, a high gravity anomaly exists in the northern tip of Taiwan due to the high-density mantle from the Tatun and Chilung volcanoes, where very developed terrestrial heat is strong evidence for the very hot rising mantle. The pressure decreases with the temperature when the magma rises, so the density will not change much. It can be deduced that the mantle flow with high density is from the side of deep ocean mantle, so we conclude the rising of the mantle is not the continental mantle flow induced by the density difference but the ocean mantle flow forced by the pressure from the block collision. The rising mantle changes into a volcanic island at the top part when met by cold water, and the lower rising mantle flow is held back to the continental mantle by the hard rock of the volcanic island. High-density magma from the ocean mantle descends because of the lower density of the continental magma (Watts 2001) . This process is shown in Fig. 6 as the gravity anomaly decreases at the both sides of the island arc. According to the circulation mechanism, the mantle circulation near the island arc is of a small scale, the stress field of which appears as a dispersion belt at the back of the island arc and the trench, and the convergence belt on the island arc. From the island arc to both sides of the arc back and trench, the gravity anomaly component of the upper mantle decreases. The magma from the lower mantle rises to the upper mantle, resulting in violent volcanic activity.
The crust is divided into continental and oceanic crust. The continental crust is thicker and lighter than the oceanic crust (White et al. 1983 ). This can be seen from the gravity anomaly. As shown in Fig. 7 , the gravity anomaly from the crust appears as dense isoline. This shows the isostasy occurs in the crust when the topography changes.
SummAry
Satellite altimetry provides gravity anomaly over ocean areas, and so can be regarded as an established remote sensing technique with applications in geology and geodynamics. However, there are continuous requests for improvement. Further progress with respect to its application can be reached by increasing spatial and temporal resolution of satellite altimetry. The continuation of current scientific investigation will increase the spectrum and capability of the satellite altimetry-derived gravity anomaly.
In this paper, waveform retracking and innermost zone effects estimation are used to improve the precision of gravity anomaly recovery. The altimetry-derived gravity anomaly and the gravity models, which include the contribution from altimetry, are of interest to both geology and geodynamics. Evidence shows the gravity component above degree 304 accounts for the gravity anomaly from the ocean floor topography best in the study sea area of the China Seas. Gravity anomaly of degree 2 -6 in the study area of the China Seas is mainly due to lower mantle mass distribution, and the difference between the continent and the ocean is not obvious in the lower mantle. The dynamical imbalance of upper mantle affects the topography isostatic compensation obviously, which is a decisive factor for the crustal movement and hydrostatical balance between the crust and the upper mantle. The gravity anomaly components indicate the geopotential imbalance from the upper mantle, and the isostatic compensation derived dynamical imbalance may be the source of the global dynamics activity, which changes the lithosphere structure through mantle circulation. Gravity anomaly of degree 7 -60 in the area of China Seas is mainly due to the mass distribution of the upper mantle. The rising mantle flow with high density is from the deep earth on the ocean side, which dominates the mantle circulation near the volcanic arc. Thus the initial condition of the rising mantle is not induced by the density difference in the continent mantle, but from the plate collision, which makes the ocean mantle rise from the deeper part. The magma from the deep ocean mantle rises to the upper mantle, resulting in violent geodynamic processes, which account for violent volcanic activity near the plate boundary between the ocean and continent.
